Abstract. The mid-Piacenzian warm period (3.264 to 3.025 Ma) is the most recent geological period with a present-like atmospheric pCO 2 exhibiting significant warming relative to present conditions. With the advanced understanding of the climate variability of this interval, a specific interglacial (marine isotope stage KM5c, MIS KM5c, 3.205 Ma) is selected for (with faster computation scheme), show that besides the increased pCO 2 , both modified orography and reduced ice sheets contribute substantially in mid-to-high latitudes warming of MIS KM5c. When considering the pCO 2 uncertainties, the warming pattern changes, our model response to the variation of pCO 2 by +/-50ppmv is not symmetric in the surface air temperature, due to the non-linear response of the cryosphere (snow cover and sea ice extent). By analysing the Greenland
it can be "o" for a change in orography and/or "i" for a change in land ice configuration.
Pre-industrial experiments
The pre-industrial control simulation in IPSL-CM5A was performed as required by CMIP5/PMIP3 by the LSCE modelling 15 group. It is a 2800-years simulation, which already started from equilibrium conditions. The pre-industrial control simulation in IPSL-CM5A2 was conducted by Sepulchre et al., (in prep) forced by CMIP5 pre-industrial boundary conditions and has 3000-years integration length.
Pliocene experiments
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We have conducted six AOGCM experiments for the PlioMIP2 study, they are respectively core experiment Eoi400 with IPSL-CM5A model and core experiment Eoi400_v2 and four tier experiments E400_v2, Eoi450_v2, Eoi350_v2, Eo400_v2
with IPSL-CM5A2 model. As defined by the abbreviated form, the atmospheric CO 2 concentration imposed in each simulation can be referred to the number of the experiment's name (e.g., in the experiment "E400", the number "400"
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indicates that pCO 2 is set to 400 ppmv). Other greenhouse gases and orbital forcing are kept the same as IPSL PI control run (Table 1) . Vegetation is kept the same as PlioMIP1 AOGCM simulation by Contoux et al. (2012) . River routing and soil patterns are not changed in this study. Land sea mask in these experiments is modified from present, only by closing Bering Strait and North Canada Archipelago region, and modifying the topography in Hudson Bay (Figure 1 ). Ice sheet mask is referred to PRISM4 dataset (Dowsett et al., 2016 ) except for Eo400_v2 experiment, which is imposed with modern ice sheet.
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Topography in these five experiments are calculated based on modern topography used in IPSL model by superimposing on the anomaly between PRISM4 reconstructed topography and modern topography provided by PlioMIP2 database (Haywood et al., 2016a) . When the new topography was lower than zero, absolute PRISM4 topography was implemented. Figure 1 shows the resulting topography in our PlioMIP2 experiments and topography anomaly between PlioMIP2 and PlioMIP1 https://doi.org /10.5194/cp-2019-83 Preprint. Discussion started: 17 July 2019 c Author(s) 2019. CC BY 4.0 License.
experiments. The initial sea surface temperature and sea ice in Eoi400 and Eo400_v2 are derived from IPSL PlioMIP1 AOGCM simulation (Contoux et al., 2012) . Eoi400 is conducted based on the equilibrium state of PlioMIP1 experiment (Contoux et al., 2012) , with 650 years of integration length and integrated for 800 years, while Eoi400_v2 has 1500-years integration length. Average climatologies for these two experiments are calculated over the last 50 years. Four tier experiments: E400_v2, Eoi450_v2, Eoi350_v2, Eo400_v2 are conducted based on the equilibrium state of Eoi400_v2 core 5 experiment and have 400 years of integration length. Average climatologies for these four experiments are calculated over the last 30 years. Table 2 provides a summary for the experiments settings. Figure S1 shows time series of surface air temperature and deep ocean temperature at around 2.3km depth. For both core simulations, the trend in both global mean surface air temperatures (< 0. 18°C century -1 ) and deep ocean temperature (< 0. latitude Eurasia and arctic regions due to the change of regional topography and high latitude seaways as well as the reduced Greenland ice sheet. Thus, Eoi400 shows a reduced meridional temperature gradient than that in PlioMIP1 experiment. The global mean annual precipitation rate increases by 0.14 mm/d in Eoi400 due to the warming, the major increase locates in the monsoon regions and tropical oceans. The increased global mean precipitation rate as well as the monsoon area index ( Figure S2 , calculated based on the method of Wang et al (2008)) in Eoi400 is similar to that in PlioMIP1. However,
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regional discrepancies still exist between these two experiments: the precipitation rates in Eoi400 in the tropics and NH high latitudes are higher than those in PlioMIP1 by 0.03 -0.05 mm/d because of the increased warming in Eoi400 in these regions.
Regional differences also exist in mountain regions (e.g., the Andes, the Rockies, Tibetan Plateau, the Himalayas and the Ethiopian Highlands) since these regions are modified largely in Eoi400 from the PlioMIP1 (Figure 1 ). In East Africa, Eoi400 simulates an intensified precipitation than PlioMIP1, which is better consistent with proxy data from East Africa 10 inferring a wet vegetation condition and hydrological systems during this period (Drapeau et al.,2014; Bonnefille 2010) .
Apart from the high latitude seaways' change, the regional difference in topography between PlioMIP2 and PlioMIP1 can also contribute to the rainfall change. Further sensitivity studies are needed to verify it.
Results in the Ocean
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Accordingly, the global mean annual SST of Eoi400 is 1.7°C warmer compared to pre-industrial. It is 0.3°C warmer than Archipelagos is likely consistent with previous studies of Hu et al. (2015) , Kamae et al. (2016) and Chandan and Peltier (2017) . However, the change of the AMOC strength in our PlioMIP2 simulation is much larger than other models. Hu et al. Bering strait are about 2-3 Sv. Chandan and Peltier. (2016) show an increased AMOC strength by ~2 Sv after closing the Bering strait in the CCSM4 model. In the study of Kamae et al. (2016) , with a different flux adjustment, they present a much stronger AMOC in their PlioMIP2 than their pre-industrial level. In fact, the simulated AMOC largely depends upon the vertical mixing schemes (Zhang et al., 2013) . It is expected to see variations of simulated AMOC across models. Although we observe a largely increased AMOC (15.7 Sv) in our PlioMIP2 simulation with IPSL-CM5A, the AMOC strength is still 5 weaker than the modern observations (17.2 Sv, McCarthy et al.,2015) . This is because the simulated modern AMOC (11 Sv) with this model is much weaker than the observations. Moreover, the simulated AMOC in PlioMIP1 with our model is also weaker than other models (Zhang et al.,2013) . As shown in Figure 6 , the total heat transport among PI control, Eoi400 and PlioMIP1 simulations is similar. The stronger AMOC in Eoi400 indeed strengthens the northward heat transport in the Atlantic Ocean, while the weakened Pacific meridional ocean circulation in Eoi400 (PMOC, Figure S3 ), which contrasts 10 with the data-based findings by Burls et al (2017) , decrease the northward heat transport, thus leading to very slight change in total ocean heat transport.
The simulated warm conditions in high latitudes prevent sea ice from largely expanding during winter season and increase sea ice melt during summer season ( Figure 7) . When compared to the PI condition, sea ice extent in the Eoi400 decreases by 15 5 .4 Mkm 2 and 3.8 Mkm 2 respectively for the winter and summer season in the NH. In the SH, sea ice extent reduces by 8.8
Mkm 2 for the winter season and is nearly extinct during the summer. In comparison with PlioMIP1, NH sea ice cover in Eoi400 reduces by 2.1 Mkm 2 and 0.8 Mkm 2 respectively for cold and warm season but there is no large difference in SH between these two experiments. The largely decreased sea ice extent can amplify the warming in the high latitudes, through its role as an insulation between the ocean and the atmosphere as well as positive albedo temperature feedback (Howell et 20 al.,2014; Zheng et al., 2019) . Reconstructed data in the Arctic Basin suggest the presence of seasonal rather than perennial sea ice in the Pliocene Arctic (Polyak et a., 2010; Moran et al.,2006) , indicating a less or diminished summer sea ice cover.
However, our IPSL model as well as half of participating models in PlioMIP1 cannot predict sea ice-free conditions during the summer season (Howell et al., 2016) . Reasons for that are discussed in Howell et al (2016) , which demonstrate the unreasonable sea ice albedo parameterization for the warmer condition. than Eoi400. This is due to the cold bias correction between these two models: IPSL-CM5A2 presents a warmer preindustrial condition by 1.1°C (Sepulchre et al., in prep) than that with IPSL-CM5A. The global mean annual precipitation rate increased by 0.13 mm/d in Eoi400_v2, which is comparable to the results of core experiments with IPSL-CM5A. In Eoi400_v2, the changes in the ocean conditions relative to its pre-industrial control are like Eoi400. The global mean annual SST of Eoi400_v2 is 0.7°C warmer than Eoi400, the AMOC strength ( Figure S4 ) in Eoi400_v2 is about 17.9 Sv which is 2. 2 5 Sv larger than Eoi400, while AMOC anomaly is about 4.7 Sv relative to its pre-industrial level of 13.2 Sv, this anomaly is close to the result in IPSL-CM5A, indicating a coherent response of the AMOC to the same changes of boundary conditions.
The sea ice cover is also largely decreased due to the warming in high latitudes (Figure 7 ). 
Relative importance of various boundary conditions in MIS
Greenland ice sheet instability under MIS KM5c warmth
To understand how far could the Greenland ice sheet (GrIS) be sustained under a MPWP warm climate, we impose the modern GrIS into the Pliocene simulation (Eo400_v2). In comparison with PI control (Figure 10a ), the mean annual surface mass balance (SMB) in Greenland in Eo400_v2 (Figure 10b ) is strongly negative around the coastal region, indicating 30 vulnerable condition for costal ice sheet and ice shelves. This negative SMB condition majorly results from the increased summer temperature which leads to enhanced ablation around these regions ( Figure S5 ). The mean annual SMB condition in
Eo400_v2 is similar to that in modern condition (E400_v2, Figure10c) Figure S5 ), thus we observe increased SMB in these areas when compared to the PI control condition. In E400_v2, we also have increased SMB in these regions but much weaker than that in Eo400_v2, due to the different paleogeography settings as discussed above. Although these snapshot results cannot quantify the impact of the warm climate on the modern GrIS without considering the climateice sheet interaction, the results we get here can also herald the vulnerability of GrIS under such warm climate condition. warmed up (+0.48°C) and the warming in high latitudes is more important (+0.7°C). However, when lowering pCO 2 by 50ppmv in Eoi350_v2, the change of climate is more important than that in Eoi450_v2, since we observe a global cooling of 0.71°C and cooling of 1.29°C over NH high latitudes. This asymmetric pattern in increasing/decreasing temperatures when augmenting/lowering pCO2 majorly results from the change of surface albedo associated with snow cover (not shown here).
In Eoi450_v2, the mean annual snowfall decreases by 6% between 40°N and 80°N when comparing to Eoi400_v2, while
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Eoi350_v2 represents an increased mean annual snow fall by 30% (not shown). The asymmetric pattern between Eoi450_v2
and Eoi350_v2 is also found in the changes of precipitation rates: Global climate gets slightly moister with an increased global precipitation rate by 0.02mm/d (+15%) in Eoi450_v2, while in Eoi350_v2, the global precipitation rate reduces by 0.04mm/d (-31%) and this reduction is more important in the tropical regions. Thus, our results can also show that the response of IPSL coupled model to changing pCO 2 from 350 to 400 ppm is larger than from 400 to 450 ppm.
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However, in the ocean, the increased or decreased SSTs resulting from augmenting or lowering pCO 2 of 50ppmv are likely symmetric. The AMOC strengths are also similar between Eoi450_v2 (17.4 Sv) and Eoi350_v2 (17.6 Sv)( Figure S4 ).
Nevertheless, the changes of sea ice cover in these two experiments are unlike from each other ( Figure 7 ). As in Eoi450_v2, the sea ice covers decrease slightly relative to Eoi400_v2 for both hemispheres (decreased by 0.2-0.5 Mkm 2 during cold season and decreased by 0.01-0.2 Mkm 2 during warm season). Whereas in Eoi350_v2, the sea ice cover expands for both 25 hemispheres, especially during the warm season in the NH (+1.7 Mkm 2 ). Figure 12 shows the simulated mean annual SST anomalies (relative to PI experiments) of both core experiments (Eoi400， 
Model-Data Comparison
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